Introduction
Motivated to a large extent by the employment of the carboxyl (-COOH) containing molecules as solar harvesters in TiO 2 -based dye-sensitized solar cells, there is significant ongoing activity seeking to elucidate the interaction of such species with single crystal TiO 2 surfaces (see, for example, Refs. [1] [2] [3] [4] forming a (2×1) overlayer at a saturation coverage of approximately 0.5 monolayer (ML) 5, 6, 12, 15 ; 1 ML corresponds to one formate per surface 5-fold Ti (Ti 5c ). Furthermore, the geometry of this adsorbed formate species has been determined through both photoelectron diffraction (PhD) and quantitative low energy electron diffraction (LEED-IV) measurements 18, 20 , including high precision quantification of bond lengths and angles. Figure   1 illustrates the adsorption geometry resulting from these two studies, where formate binds to the surface in a bridging-bidentate mode through both of its oxygen atoms to two adjacent Ti 5c 's, so that its molecular plane lies parallel to the rows of bridging oxygen atoms (i.e. along the [001] direction). Currently, similar structural information is largely absent for other -COOH containing species (glycine is one exception 21 ), with geometrical details typically being restricted to angular orientation from near edge X-ray absorption fine structure (NEXAFS) data and lateral location from scanning probe microscopy (SPM) images (see An initial study of this adsorbate system, employing a combination of scanning tunneling microscopy (STM), LEED, and electron stimulated desorption ion angular distribution (ESDIAD), reported a (2×1) overlayer, with benzoate oriented such that its principal axis lies more or less along the surface normal 25, 26 . Furthermore, it was deduced that benzoate dimers, and even trimers, are formed, through edge-to-face phenyl ring (C-H/π-system) interactions,
i.e. the phenyl ring of the adsorbed benzoate can adopt more than one azimuthal orientation.
This latter conclusion is supported by other NEXAFS and STM measurements 27 . Similarly, more recent work suggests that exposure of TiO 2 (110)(1×1) to benzoic acid, both in ultra high vacuum (UHV) 4, 29 and in aqueous solution 2 , does not always simply result in a planar (and upright) benzoate species. These studies are, however, not in complete agreement, e.g.
vibrational data in Ref. 4 are interpreted as indicating that benzoate-dimerization occurs as 0.5 ML coverage is approached, whereas STM images 29 suggest that dimers are not a feature of this coverage regime. On this basis, further effort is required to gain a more robust insight into the configuration of the adsorbed benzoate. Scanned-energy mode PhD, in tandem with first principles modeling, is an appropriate approach for achieving this end.
Methods
Experimental work was undertaken on the BEAR beam line 31 of the ELETTRA synchrotron radiation facility in Trieste, Italy. The beam line's UHV end station (base pressure ~ 1 × 10 -10 mbar), equipped with facilities for sample transfer, cleaning, dosing, and characterization, was employed 32 . Photoelectron spectra were acquired with a 66 mm mean radius spherical deflector electron energy analyzer 32 , which was positioned such that the angle between its entrance lens and the incoming photon beam was 60° in the horizontal plane. The angular resolution of the analyzer was set to 1° for this work.
In situ preparation of TiO 2 (110)(1×1) involved repeated cycles of Ar + bombardment and annealing at ~ 1000 K. Surface cleanliness and order were monitored by photoelectron spectroscopy (PES) and low energy electron diffraction (LEED), respectively. Exposure to benzoic acid (99.9%, Riedel-de Haën) was undertaken with the TiO 2 substrate at room temperature by allowing its vapor to enter the UHV chamber through a high precision leak valve; an in situ mass spectrometer was used to check the purity of this benzoic acid vapor.
Prior to admittance, the benzoic acid was thoroughly degassed via repeated sublimationdeposition cycles. During dosing the glass vial containing the benzoic acid and the rest of the gas line were gently heated with a hot air gun to achieve a sufficient partial pressure of benzoic acid vapor.
All of the PhD data presented in this paper were acquired from TiO 2 (110)(1×1) surfaces PhD data to a form suitable for structure determination a standard methodology was applied 23, 24 . Briefly, the intensity of each of the peaks present in an EDC is extracted by fitting with appropriate functions i.e. a Gaussian line shape function for each core level feature, a Gaussian broadened step function, and an experimental background template to account for the inelastic background and any Auger features. These intensities (I(E)) are then plotted as a function of photoelectron kinetic energy and normalized to give a modulation function (χ(E)), which can be used for structure determination. χ(E) is defined as follows:
I 0 (E) is a smooth spline function, representing non-diffractive intensity and instrumental factors.
All DFT calculations have been performed using the CRYSTAL program 33 , in which the crystalline orbitals are expanded as a linear combination of atom-centered Gaussian orbitals, the basis set. The titanium and oxygen ions are described using triple valence all-electron basis sets contracted as 86-411G** and 8-411G**, respectively. These basis sets were developed in previous studies of the bulk and surfaces of titania in which a systematic hierarchy of all-electron basis sets was used to quantify the effects of using a finite basis set 34, 35 . The C and H atoms of the benzoate are described using basis sets of a similar quality, namely 6311G* and 821G*, respectively. Electronic exchange and correlation were approximated in the local density approximation (LDA). This choice is to avoid the instability of the rutile TiO 2 phase inherent in calculations using generalized gradient approximation (GGA) or hybrid-exchange (e.g. PBE0 or B3LYP) functionals 36 . This approach results in bulk unit cell parameters of a = 4.567 Å and c = 2.935 Å, which are very similar (within 1 %) to those determined experimentally 37 . Calculations have been performed on slabs periodic in two dimensions (parallel to the TiO 2 (110) surface), but finite in the third.
On the basis of test calculations, a centrosymmetric substrate slab comprising 15 layers was adopted, with benzoate (plus acidic hydrogen) adsorbed on both slab faces. To assess the impact of adsorbate coverage/arrangement, a range of supercells (unit cells) were used, namely (2×1), (2×2) and (4×1). During energy minimization, all atoms were allowed to move, except for those Ti and O atoms at the slab centre.
Results
O 1s and C 1s core level PES data, acquired from TiO 2 (110)(1×1) following a saturation exposure of benzoic acid, are displayed in Figure 2 . Both spectra are consistent with those reported previously 28 , indicating the integrity of the overlayer preparation. The O 1s spectrum is comprised of a primary peak and a lower kinetic energy shoulder, which are assigned to substrate oxygen atoms (O ox ), and a combination of carboxylate oxygen (O carb ) and OH b (see Figure 1 ), respectively 18, 28 . Two peaks, separated by approximately 3.9 eV, are visible in the C 1s spectrum. The more intense, higher kinetic energy feature is associated with the carbon atoms of the phenyl ring (C ph ), and the other arises from the carboxylate carbon (C carb ).
Concerning PhD data from the O 1s core level, modulation functions for each component (O ox and O carb /OH b ) have been compared with data acquired previously from TiO 2 (110)(1×1)-formate 18 to qualitatively determine the adsorption site of benzoate. This comparison is shown in Figure 3 . Focusing initially on the O ox data, it is evident that the modulations are very similar, i.e. they are essentially independent of adsorbate (benzoate or formate). Given that the O ox 1s peak is due to substrate oxygen, this result is to be expected, and so confirms the reliability of the current PhD measurements. More notably, the PhD spectra of the O carb /OH b component for the two adsorbate systems are also rather similar, strongly suggesting that both benzoate and formate exhibit similar binding sites on TiO 2 (110)(1×1),
i.e. attachment to the surface is through both of the carboxylate oxygen atoms to two adjacent five-fold surface titanium atoms; scanned-energy mode PhD data are normally most sensitive to nearest neighbor atoms below the emitting atom 23, 24 . Such a conclusion is in agreement with previous proposals/predictions of the local adsorption geometry of benzoate on TiO 2 (110)(1×1) 2, 4, [25] [26] [27] [28] [29] [30] .
Turning to PhD data from the C 1s core level, a more quantitative structure determination, using the modulation functions extracted from the C ph component, has been performed; C carb 1s modulation functions were not suitable for analysis due to the low intensity of the PES peak. This effort involved the usual trial-and-error methodology of generating simulated modulation functions for a systematic series of adsorption geometries, searching for the best fit between experiment and theory as measured using a reliability factor (R-factor) 23, 24 ; this Rfactor is defined such that a value of 0 corresponds to perfect agreement between theory and experiment, a value of 1 corresponds to no correlation and a value of 2 to anti-correlation.
Computer code capable of electron multiple scattering calculations, developed by Fritzsche [38] [39] [40] , was employed to generate the theoretical modulations functions.
As a starting point for generating simulated C ph 1s modulation functions, the high symmetry
-adsorption geometry depicted in Figure 4 was initially adopted, which is consistent with the binding site concluded above from qualitative analysis of O 1s PhD data.
To identify the optimum structure, a global search algorithm, specifically a particle swarm optimization (PSO) 41 , was used. A number of parameters were optimized during this process, including those defining the location of the benzoate, as well as others describing vibrations.
These parameters are detailed in the following list: It should be noted that during structure optimization the local symmetries of the phenyl group and C carb atom were maintained (i.e. planar, with all bond lengths/angles in the phenyl group being equal), as was the adsorbed symmetry of the two carboxylate oxygen atoms (i.e. they remain located directly above the Ti 5c row). No such constraints were implemented for the ab initio modeling.
As regards describing the angular geometry of the phenyl ring relative to the substrate, which is defined by parameters (i) -(iii) above (ϕ, θ, and φ), we have adopted the so-called intrinsic Tait-Bryan formalism (closely related to Euler angles). According to this description, ϕ, θ, and φ relate two independent coordinate systems xyz and XYZ, which are fixed relative to the substrate and adsorbate (phenyl ring and C carb ), respectively. More explicitly, as shown in Figure 4 , ϕ, θ, and φ each correspond to a rotation of the phenyl ring (and C carb ) about a particular molecular axis, namely Z, X, and Y, respectively; the origin of the XYZ coordinate system is the center of mass of the two carboxylate oxygen atoms. In order to achieve the final orientation the sequence in which the rotations are applied is uniquely defined, i.e.
ϕ → θ → φ, as illustrated in Figure 5 (N.B. (ϕ, θ, φ) = (0°, 0°, 0°) for the geometry depicted in Figure 4 ).
Concerning structure optimization, the majority of the parameters listed above had little impact upon the quality of the experiment-theory fit, i.e. varying such a parameter did not cause the R-factor to exceed the variance 24 . Only ϕ, θ, and φ, along with the C ph -C ph and C carb -C ph bond lengths, exhibited any significance. Figure 6 displays a comparison of the experimental C ph 1s modulation functions with the best-fit theoretical simulations resulting from optimization of these parameters within the parameter-space outlined above; a total of 7200 structures were trialed during optimization. There is reasonable agreement between the experimental and theoretical modulations functions, with the R-factor being 0.42. Table I lists corresponding optimum values of parameters. Inspection of this table indicates that the plane of phenyl ring is coplanar with that of the carboxylate group (ϕ = 5° ± 20°), and that the entire benzoate moiety is oriented upright within experimental error (θ = 10° ± 15° and φ = 5° ± 4°). Hence the optimum structure mirrors that depicted in Figure 4 . Concerning the C ph -C ph and C carb -C ph bond lengths, which were found to be 1.42 ± 0.04 Å and 1.50 ± 0.15 Å, respectively, they agree well with equivalent bond lengths determined for both a molecular crystal of benzoic acid 42 , and benzoic acid in the gas phase 43 .
Turning to ab initio modeling, initially we focus on calculations undertaken to simulate lower adsorbate coverage, where the benzoate moieties are laterally rather well separated. For this purpose, as shown in Figure 7 (A), a (4×1) supercell was used with the benzoate coverage being 0.25 ML ((4×1)/0.25 ML). Calculations were undertaken for two different locations (relative to the adsorbed benzoate) of the acidic hydrogen on the bridging oxygen rows, which are labeled (1) and (2) in Figure 7 (A). The optimum geometry obtained is shown in Figure 7 (B). Visually, the adsorption geometry adopted by the benzoate is analogous to that found from PhD. Indeed, as illustrated in Table I , the values of ϕ, θ and φ agree very well with those obtained experimentally. Concerning the acidic hydrogen, it was found that location (1) was energetically somewhat more favorable, i.e. there is a preference for the bridging hydroxyl to be adjacent to the adsorbed benzoate. Table I lists the values of of ϕ, θ and φ for both overlayers, which are almost identical.
One remaining adsorption scenario is that where the phenyl group of the adsorbed benzoate can adopt more than one angular orientation. Such a possibility has been tested theoretically using the two supercells illustrated in Referring to the experimental data in Figure 6 , the modulations at 60° are only appreciable in the [001] azimuth, i.e. there is no evidence for more than one azimuthal orientation of the phenyl ring.
Turning to a comparison of the nearly upright/coplanar structure emerging from PhD with the results of ab initio modeling, there is clearly excellent agreement between experiment and the adsorbate structure predicted for the (4×1)/0.25 ML overlayer (see Table I ). In contrast, the PhD structure is apparently somewhat less consistent with the more twisted/tilted benzoate geometry found for the (2×1)/0.5 ML overlayer, which was a priori presumed to be the surface phase probed experimentally; it should be pointed out the error bars ascribed to the experimentally determined values of ϕ, θ and φ (see Table I ) indicate that the two structures are not strictly distinct. Results from a relatively recent STM study 29 , however, suggest that room temperature adsorption of benzoic acid on TiO 2 (110)(1×1) may lead to a saturation coverage significantly less than expected, i.e. ~ 0.2 ML rather than 0.5 ML; adsorption undertaken at a somewhat elevated substrate temperature (370 K) was found to result in a higher benzoate coverage, much closer to 0.5 ML. Hence, the PhD data, acquired following room temperature adsorption, may very well have been acquired from ~ 0.2 ML of benzoate, rather than ~ 0.5 ML, which would explain the nearly upright/coplanar optimum adsorbate geometry. It should be noted that it was not possible to estimate the benzoate coverage from PES core level data with sufficient precision to differentiate between 0.2 ML and 0.5 ML, i.e.
the associated error bar is too large.
Regarding the origin of the lower saturation coverage (~ 0.2 ML), one possible explanation emerges from benzoic acid forming hydrogen bonded dimers in the vapor phase 44 , as illustrated in Figure 11 . Given this scenario, it may be that sufficient adsorbate free area is required on the TiO 2 (110)(1×1) surface to facilitate initial adsorption/decoupling of the dimer prior to dissociative adsorption of the monomer. Consequently, adsorption is terminated far below saturation of all Ti 5c sites. At somewhat elevated substrate temperatures, increased surface diffusion may allow greater coverages to be achieved.
Finally, we wish to compare the results of our current study with previous efforts to elucidate the adsorption geometry of benzoate on TiO 2 (110)(1×1) 2, 4, [25] [26] [27] 29, 30 . Initally, we want to reemphasise that our PhD data are inconsistent with any overlayer structures involving benzoates where their phenyl groups exhibit two or more azimuthal orientations, a scenario suggested initially in Refs. [25] [26] [27] . Moreover, our theoretical modeling demonstrates that such configurations are energetically unfavourable. In contrast, our experimentally determined upright/planar benzoate geometry is consistent with that deduced on the basis of vibrational data acquired from a low coverage (< 0.5 ML) phase of benzoate 4 . Furthermore, in that study lower symmetry (twisted/tilted) benzoate species potentially exist at room temperature saturation coverage (0.5 ML), which seemingly matches our ab initio prediction. One outstanding issue arising from this comparison concerns the surface coverages achieved in the two studies. More specifically, given the above discussion about saturation coverage at room temperature (i.e. ~ 0.2 ML rather than ~ 0.5 ML), the 0.5 ML coverage reported in Ref. 4 requires some commentary. Simply, it may be that this coverage estimation is inaccurate, although we would not then expect lower symmetry benzoate species to be present.
Alternatively, some variation in experimental methodology has facilitated an increased adsorbate coverage, e.g. the substrate was above room temperature during benzoic acid exposure.
Concerning STM studies 2, [25] [26] [27] 29 in which images have been interpreted to indicate the presence of twisted/tilted benzoate species (e.g. through dimer/trimer formation), substrate temperature/coverage may again underpin these observations. It may also be, however, that extracting the geometry of benzoate, or any adsorbate for that matter, from such images is not so straightforward, as explicitly indicated in another study involving STM imaging of benzoate on TiO 2 (110)(1×1) 30 , and that such deductions should be critically evaluated.
Conclusion
In summary, a combination of scanned-energy mode PhD and ab initio modeling has been applied to elucidate the adsorption geometry of benzoate ( is the center of mass of the two carboxylate oxygen atoms.
Figure 5
Illustration of rotations (ϕ, θ, and φ), and order in which they are applied, to describe angular geometry of phenyl ring (and C carb ). XYZ coordinate system is fixed relative to the adsorbate (phenyl ring and C carb ), i.e. it moves (including rotation) with the adsorbate. The origin of XYZ coordinate system is the center of mass of the two carboxylate oxygen atoms. 
Figure 11
Ball and stick model of a hydrogen bonded benzoic acid dimer. 
